The interaction of random gene drift and selection was studied by computer simulation for two quantitative traits, which were considered to approximate stature and skin color dlfferences i n human populations. The expected effects of gene drift, fixation of alleles and reduction of genotypic and phenotypic variances, were found in the simulation. Stabilizing selection, which seems to be the type of selection operating on these traits, was found to increase the effects of gene drift. Since there seems to be no evidence of reduction in phenotypic and presumably genotypic variability in small human populations, the applicability of these simple genetic models to human traits raises problems for which several possible solutions exist.
Ever since the development of the theory of population genetics over 50 years ago, its implications for the variability in metric traits among human populations has been a continuing problem. Most of the concepts of population genetics pertain to traits controlled by a single locus with a limited number of alleles, while most anthropometric traits are influenced by several loci and also by the environment. These complications must obviously be considered in any interpretation of the effects of mutation, selection, gene flow, and gene drift on metric traits. In particular, random genetic drift is known to change gene frequencies significantly in small populations, but the question remains as to its effect on anthropometric traits. Some time ago Birdsell ('50) pointed out that, assuming the common polygenic model of equal and additive effects for all loci, one would expect very little change in the mean of any trait since the alleles increasing its size would be expected to increase and become fixed in the population as frequently as those decreasing the trait. However, selection would presumably have some effect on this process of drift, and its effect would obviously depend on how selection operated on the trait.
Beginning with the classic paper by Fisher ('18) on the correlation of metric traits among relatives, population genetics AM. J. PnYs. ANTHROP., 37: 117-126.
theory has been applied to quantitative inheritance. The theory has been developed from and widely used in animal and plant breeding, but there have been few applications to the problems of human evolution. To a great extent this is obviously due to a lack of knowledge of both the mode of inheritance of anthropometric traits and the action of natural selection on them, but I think it is also due to a lack of confidence in the applicability or usefulness of the simple models of quantitative inheritance. Certainly the concept or assumption of equal and additive loci is a crude approximation and the number of loci affecting most metric traits is not known, but the importance of these assumptions to the evolutionary process will only become known through a comparison of our crude models with data.
The models of quantitative inheritance are also so complex that it has only been since the development of the computer that any attempt could be made to answer some of the questions. Formal solutions are frequently not possible, but simulations with various sets of numerical estimates for the many parameters can provide some idea of the effects of the various forces of evolution. A great many simulation programs have been developed to study aspects of genetic change in other organisms, particularly Drosophila. Young ('66, '67), Hill ('69), and Frankham et al. ('68) are some recent attempts to study the interaction of selection and drift. For the most part these studies have used a model of directional selection with truncation. In this model there is a threshold value for the phenotype, and, depending on the direction of selection, all organisms on one side of the threshold value are allowed to breed but none on the other side. Although this is the usual procedure in animal breeding, it is obviously not the usual mode of operation of natural selection in human populations. Recent data for some metric traits in man have begun to show that selection most often operates according to some optimization or stabilization scheme (for birthweight, stature, and cephalic index, see Bajema ('71) for the most recent studies). In each case an intermediate phenotypic value close to the mean has the highest fitness, and fitness decreases continuously as the phenotypic value diverges from this optimum value. The most generally accepted model <assumes this decrease to be proportional to the square of the difference between the phenotype and the optimum value, but a linear or exponential decrease has been suggested for various traits. In this paper fitness is assumed to decrease with the square of the difference. Aspects of stabilizing selection have been studied in other organisms (Latter, '70; Latter and Novitski, '69; Scharloo et al., '67; Curnow, '64; Prout, '62) , and the results are comparable to those reported here.
MET H 0 D S
The computer simulation represents the population by a N X M matrix, which classifies the N individuals as homozygotes for the large or small allele or heterozygotes at each of the M loci. The program randomly selects two individuals with replacement from the population and then mates them separately for each of the M loci. A single offspring is produced and is either stored or discarded according to a randomly determined scheme of optimizing selection. There is no compensation for individuals selected out. Sex, family size, and other variables which are known to affect the effective size of the population have not been considered in order to make the results comparable to the simplest model of genetic drift for a single locus for which the rate of decay of genetic variability is 1/2N. The fitness of the optimum phenotype is 1.0, and the fitness of any genotype with a phenotypic value, W, is: l -FIT(W0PT -W)z, where WOPT is the phenotypic value of the optimum genotypes and the constant, FIT, is used to adjust the total amount of selection.
The loci have been assumed to have equal and additive effects. Thus, for the ith locus there is a plus and a minus allele, A1 and a , respectively, and three genotypes, A,A , A ai, and aiai, which contribute 2, 1 + D, and 0 units, respectively, to the phenotype. D is a measure of dominance and can be +, -, or 0 depending on whether there is dominance for the + or -allele or no dominance.
For any particular anthropometric trait the phenotypic expression can be approximated by a linear function of the sum of the effects at each locus as given above. The model does not include the environmental component, although this can easily be incorporated into any simulation (e.g., Young, '66) . This is because the environmental component for metric traits can be considered to introduce error or "noise" in the process of evolution and thus to decrease the effects of the various forces. Since the major purpose of these simulations was to determine the direction of the forces of evolution, the results can be considered to be maximum effects; and any environmental component would tend to reduce them approximately in proportion to the heritability.
At all loci the allele frequencies were started at 0.5 and were run for 100 generations. Population size, total amount of selection, and the degree of dominance have been varied. For each set of these parameters ten replications were done in order to determine the variability of the response. The standard deviations on tables 1 and 2 have been computed from these ten replications. Table 1 shows the results of two sets of parameters for a trait which is determined by four loci. The phenotypic expression is a crude attempt to reflect the differences in skin color among human populations. It assumes that all differences in skin color are due to two alleles at these four loci, such that an individual homozygous for all plus or "dark' alleles would have a phenotypic value of 20.0, which is about the darkest human skin pigmentation as measured by percentage reflectance (20%) of the red wave length (Livingstone, '69, has a more detailed review of the data and the model). An individual homozygous for all "light" alleles would have a value of 60.0. The median value would thus be 40.0, and this value has been assumed to be the optimum phenotype in table 1. Two loci have been assumed to have the light allele dominant, and two, the dark one, It can be seen on table 1 that there is very little change in the mean value of the phenotype after 100 generations even with a population size of 50, which is about the smallest human isolate, and regardless of the amount of selection. There is more variability among replicates with smaller population sizes, but nevertheless the mean remains between 35% and 45%, which is a very small range compared to the total human range. The mean allele frequency also does not change appreciably, although over onehalf of the loci become fixed in the ten replicates. On the other hand the phenotypic variability decreases significantly as one would expect with increasing fixation and homozygosity of the loci. For most human populations the standard deviation of this measure of skin color is about 3-5%, so that if this is a reasonable model of skin color inheritance, there should be a considerable amount of homozygosity in human populations. Populations at the extremes of the skin color spectrum would also be more homozygous and have less variance than those in the middle. However, there are numerous complications in the relationship of additive gene action and this reflectance percentage (Harrison, '71) . Nevertheless there are extreme variations in the variance for skin color reported in different populations, but there seems to be little, if any, correlation between variance and extreme mean values.
RESULTS
While the phenotypic variability decreases due to drift, as expected the genetic variability increases. With the smaller population size, there is more fixation of alleles as expected, but since there is also less selection for this run, this may be a contributing factor. However, as will be seen on table 2, stabilizing selection actually increases the rate of fixation. In any case, this model seems to imply that genetic drift could result in a considerable amount of homozygosity for a trait such as skin color which is controlled by approximately four loci if the population size has been close to the lower limits of the human species.
In order to determine the effect of the number of loci on the process of drift with selection, several different runs were made with ten loci determining a trait with the approximate distribution of stature in human populations. Of course, the number of loci controlling stature is not known with any certainty, but Penrose ('69), by an analysis of the correlations among relatives, has estimated that six loci are involved. Spuhler ('68), by another method, estimated that as few as six major loci could be contributing to differences in I& scores, so that the possibility exists that fewer genes are involved in polygenic inheritance than is generally considered to be the case. No dominance has been assumed for most runs. Although Fisher's original work seemed to indicate almost complete dominance for stature, Barrai et al. ('64) could find no evidence for it. The mean stature was assumed to be 5.7 feet, and the range for the trait, to be from 4.8 feet to 6.6 feet. These extremes would be the phenotypes of the two completely homozygous genotypes for the minus or plus alleles. The formula for the phenotype is thus: 4.8 + 0.09 (no. of plus alleles). Table 2 shows the results of 12 runs of ten replicates each. Again there is no systematic change in either the mean phenotype or the average gene frequency, and the drift in mean stature is as great in the large populations as in the small ones. This occurs despite the fact that there is much more fixation of alleles in the small populations. On the other hand, the variability among replications seems to be smaller in the large populations, but this variability is also influenced by selection. The maximum amount of selection (FIT = 0.01) results in slightly less than 4 % of each generation being selected out, which seem minimal, but it does seem to decrease significantly the amount of drift around the mean value. With a population of 100 and no selection the average standard deviation is about 0.17 after 100 generations of evolution, and this would appear to be close to equilibrium. The range is thus about 0.7 foot, so an individual population could diverge from the mean by up to four inches, which seems rather large.
As expected, the phenotype and gene frequency variances were significantly changed during the simulation. The phenotypic variance declined, and this decline was inversely proportional to the population size. Figure 1 shows the decline in phenotypic variance for the runs shown on table 2. Several runs were made with dominance (D = 0.8), and they fall within the range of the runs with no dominance. This indicates that dominance does not seriously affect the decline in phenotypic variance. It can be seen that after 100 generations all of the runs with a population of 25 have a greater decrease than other runs, and all those with a population of 50 decrease more than those with 100. Since at all loci the initial allele frequencies were 0.5, the initial phenotypic variance was about 0.0425. Thus, the decline is not linear but rapid at first with a leveling off.
The average standard deviation for human populations for stature is 5.81 cm (Howells, '36) , which would correspond to a phenotypic variance of 0.0363 foot on our scale. Howells found a range in the standard deviation from 3.8 to 7.8 cm, or 0.0156 to 0.0655 on our scale. This range encompasses most of the values on figure 1, although the upper limit is considerably greater than the maximum with ten loci. If the same range of variation is assumed to be due to more loci, the maximum variance would be even smaller; for 20 loci it would be 0.02 and for 40 loci about 0.01. If the heritability of stature is assumed to be 0.5, which would be a minimum estimate, one-half of the total variance should be due to genetic differences. For the average population, this would be about 0.018, which could be due to ten loci with a significant amount of homozygosity or 20 loci with almost the maximum amount of heterozygosity. However, despite the great variation in the standard deviation of stature among human populations, there seems to be no correlation with population size. The studies cited in Howells ('36) and Trevor ('53) do not show any trend, and the hybrid populations in the latter study also do not seem to be more variable. More recent data from a small isolated tribe in West Africa (Gomila, '71) and from the island of Tristan da Cunha (Marshall et al., '71) show standard deviations larger than the average. The population of Tristan da Cunha has an extremely high standard deviation; it is one of the most highly inbred of all human populations, and, given its spacial and agricultural limitations, probably has one of the most constant, restricted environments of any human population. Figure 2 shows the increase in the gene frequency variance, and these increases parallel the decreases in the phenotypic variance. The maximum variance would be 0.25 with 50% of the loci fixed for the minus allele and 50% for the plus allele. After 100 generations, the populations of 25 are close to the maximum. For the runs without selection these increases in gene frequency variance and the decreases in phenotypic variance can be compared to their theoretical expectations. The rate of increase in gene frequency variance is proportional to 1/2N, so that after t generations the variance would be: and Kimura, '70:328) . After 100 generations one would expect variances of 0.2163, 0,1585, and 0.0825 for populations of 25, 50, and 100, respectively. The averages of the runs with no selection on table 2 are 0.1934, 0.1275, and 0.0919, which are close to the expected values although in some cases they are significantly different. For any run the S . D . / m can provide an approximate significance test. In all cases selection has increased the rate of change in the gene frequency variance, which has resulted in larger variances and some which are closer to the theoretical expectations.
The general formula for the decline in the genotypic variance is: Vt = Voe-t/2N (Crow and Kimura, '70:340) . After 100 generations the variance should thus be 13.5%, 36.6%, and 66% of the original variance for populations of 25, 50, and 100, respectively. On our scale all runs were started with the same d e l i c frequencies and hence with the same theoretical phenotypic variance of about 0.0425. Since there is no environmental component, the genotypic and phenotypic variances are the same. After 100 generations the expected variances would be: 0.00574, 0.01555, and 0.02805 for populations of 25, 50, and 100, respectively. The averages of the actual runs with no selection are: 0.0060, 0.0192, and 0.0262. As in the case of the gene frequency variance, stabilizing selection has increased the rate of change, so that the phenotypic variance is smaller in the runs with selection.
DISCUSSION
The simulations reported here thus seem to be in reasonable agreement with the theoretical expectations of the effects of drift on metric traits. They also show that stabilizing selection, which seems to be operating in human populations, does not counteract drift but instead reinforces it, It has been known for some time (e.g., Haldane, '32) that stabilizing selection for a metric trait does not result in stable polymorphic gene frequencies. If loci with equal and additive effects is an appropriate model for stature and other human metric traits, then a considerable amount of homozygosity would be expected, not only in small populations due to drift but in large ones due to selection. However, the maintenance of variability in small populations and the fact that hybrid populations are intermediate for most traits (Trevor, '53) seem to be evidence against much homozygosity and in addition evidence against the widespread occurrence in human populations of the evolutionary process which has been simulated in this paper. 
